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Introduction
Erosion-corrosion is a major issue in oil exploration, Figs. 1-2. In particular, in the exploration phase i.e. drilling in crude oil sand slurries, wear of the materials such as drilling tools and pipes may occur. In such cases, the degradation may be caused by a number of factors relating to the particles, pipe and drilling materials and the environment [1] [2] [3] .
Although there have been a significant number of researches into the role of the aqueous environment in the synergy between erosion and corrosion of materials [4] [5] [6] [7] [8] [9] [10] , there have been very few studies to investigate such effects in crude oil conditions. In particular, the separate effects of the sand slurry aqueous solution, the oil environment and the interactions of the latter processes together have not been considered. This is despite the application of such studies in oil exploration conditions.
Advances in the study of erosion-corrosion in recent years have led to the construction of erosion-corrosion mechanism maps [4] [5] [6] [7] . This provides a means of assessing the transitions between the regimes as a function of the main process parameters. However, to date there have been no such maps developed for application to erosion-corrosion in oil exploration conditions. In this paper a study was conducted of the effects of erosion-corrosion of carbon steel in a range of conditions, reservoir water with sand, oil with sand and the combination of both conditions. Erosion-corrosion maps were constructed showing the extent of wastage, the mechanism of degradation and the synergism/antagonism between the processes as a function of impact angle and particle velocity. The advantages and limitations of such maps together with the potential applications are addressed in this paper.
Experimental details

Erosion-corrosion test methods
Erosion-corrosion tests were carried out using an impinging jet apparatus, as shown in Fig. 3 [11] and is described elsewhere [4, 11] . This consisted of a jet of particles in an aqueous flow enabling the effect of erosion variables to be evaluated independently of each other. The impact angle of the specimen could be varied by rotating the specimen. The velocity was calibrated through knowledge of the geometry of the outlet jet.
The slurry consisted of silica sand of size range 600 -710 µm. The particle concentration in the slurry solution was 20% by volume.
The test specimen was connected to an electrochemical cell, as shown elsewhere [10] .
The reference electrode was Saturated Calomel. Potentiodynamic polarization curves were measured through sweeping the potential in a positive direction from −800 to 800 mV at a sweep rate of 200 mV min -1 during the test. Erosion-corrosion tests were performed at three applied potentials of -400 mV, 0 mV and 400 mV for 30 minutes using a computer controlled ACM potentiostatic to fix the potential at the required value. At the end of the test, the samples were cleaned with distilled water to remove any deposited material. Following exposure, the morphology of the eroded specimens was evaluated using scanning electron microscopy (SEM).
Results
Potentiodynamic polarization results
Polarization curves, Fig. 4 (a), showed that following erosion-corrosion in the water environment at 15°, there was a general increase in anodic current density with increasing velocity from 2.5 to 4.5 ms -1 . Clear evidence of passivation was observed.
The value of zero current potential shifted in a negative direction with increasing velocity. A similar pattern was observed for the carbon steel in the crude oil environment, Fig. 4 (b), with anodic current density increasing with velocity.
However, in this case, the current density was more than two orders of magnitude less than in the previous case. In the combined crude oil/ reservoir water environment, Fig. 4 (c), similar behaviour was observed in terms of the passsivation trends;
however, in this case, the anodic current densities were greater than those in the crude oil environment, Fig. 4(b) , by an order of magnitude but less than in the water and oil environment, Fig. 4 (c).
At higher impact angles, i.e. 45 °, Fig. 5(a-c) , a generally similar variation with impact velocity was observed. However, in this case the anodic current densities were marginally higher than at the lower impact angles. At the highest impact angle studied, i.e. 90°, Fig. 6(a-c) , the values of the anodic current densities appeared similar to those at 45°, Fig. 5 (a-c).
It was interesting that there appeared to be a slight kink in the passivation curve at potentials of approximately 500 mV, Figs. 4-6. This appeared to be particularly prevalent in the aqueous environments, Fig. 4 -6. Whether this could be attributed to a change in the chemistry of the passivation process above such potentials will be addressed further below.
It should be noted that the results above indicated that the cathodic current densities increased as a function of velocity, and that this reaction was also reduced in the oil water conditions. However it was interesting that the cathodic currents in oil, Figs. 4(b), 5(b), 6(b), were significantly higher than the anodic currents, and that this difference was not pronounced in the water environments, Figs. 4-6.
Weight change data
The overall weight loss Kec was recorded at potentials of 0 and 400 mV, Figs. 7-13.
The weight change during erosion-corrosion can be given as follows;
Kec= Kco+Keo + ∆Ke + ∆Kc
where Ke= Keo+ ∆Ke and
Kc=Kco +∆Kc (3) and Kec is total erosion-corrosion rate, Keo is the erosion rate in absence of corrosion, Kco is the corrosion rate in the absence of erosion, ∆Ke is the effect of corrosion on the erosion rate and ∆Kc is the effect of erosion on the corrosion rate.
The individual contributions are given in Tables 1-6 at the various impact angles. The values of Kc were calculated from the Faradaic conversion of the corrosion current density to mass loss [12] .
The results Figs. 7-9, at 0 mV, that there was an increase in erosion-corrosion rate with increasing velocity in all conditions studied. The value of Kc was highest in the reservoir water, Fig. 7 (where it exceed that of Ke), and at a minimum in the crude oil, Fig. 10 . This is attributed to the ability of the passive film to withstand particle impacts at such potentials-at higher potentials, with a marginally thicker film, the integrity of the film may be lower. In the environments containing Tables 1-6 .
The regime transitions are as follows:
The maps indicate that not surprisingly the extent of passivation is at a maximum in water, Fig. 15(a) , where passivation -erosion dominated the majority of the area of the map. It is at a minimum in oil, Fig. 15(b) , where erosion-dominated behaviour prevails. In the oil/ water environment, the intermediate situation of erosionpassivation occurs over the parameter space studied. It is interesting that increases in velocity and impact angle increases the corrosion affected regimes, and this may be due to enhanced mass transfer of oxygen to the surface at the higher velocities and the reduction in erosion of the passive film at higher impact angles. Why the passive film may be less vulnerable at higher impact angles is difficult to ascertain but may be due to less likelihood of cutting wear at such impact angles [13] [14] .
At higher potentials, i.e. 400 mV, Fig. 16 (a) similar observations to the above are made for the steel in the water environment. However in this case, the effect of increasing velocity is to initially increase the corrosion and then at higher velocities reduce it, consistent with the increase of mechanical energy into the system. At such potentials, the films appear, according to the map, to be more vulnerable to erosion than those formed at lower applied potentials. For the oil and water conditions the maps are identical to those observed at lower potentials, Fig. 16(b-c) .
Erosion-corrosion wastage maps, Figs. 17-18, have been generated to demonstrate the transition between wastage regimes, where low, medium and high regimes are less or equal to 6 mg cm
, between 6 and 50 mg cm −2 h −1 , and greater or equal to 50 mg
Clearly, the passive film has some effect in reducing the erosion-corrosion at low impact angles and velocities, in water, as shown in Fig. 17(a) . However, the effect of the oil film is to considerably reduce the erosion-corrosion rate, Fig. 17 Here, regimes of erosion-corrosion can be defined depending whether the erosioncorrosion is additive, synergistic or antagonistic as defined elsewhere [5] [6] [7] 15 ] and below i.e.
Here : ∆Ke/∆Kc <0.1 Additive
1>∆ Ke/∆Kc≥0.1 Additive-synergistic (9) ∆Ke/∆Kc>1 Synergistic
Additive behaviour defines the situation where the enhancement of corrosion due to erosion is greater than the effect of corrosion on the erosion.
Where corrosion may enhance the erosion, the interaction is defined as synergistic behaviour. Where it inhibits erosion i.e where the formation of surface film reduces erosion, then the reverse occurs and the mechanism is defined as antagonistic.
Both synergistic and antagonistic behaviour are characteristics of erosion-corrosion processes [5] [6] [7] and a method needs to be defined to illustrate such differences. If a film forms on the surface in the exposure conditions which is effective in reducing erosion, i.e. ∆Ke/∆Kc> -1, then "synergistic" should be replaced by "antagonistic"
for the above and the inequalities are negative as illustrated elsewhere [5] [6] [7] .
The results, Clearly, such maps may provide important insights into the change of mechanism of erosion-corrosion in such conditions and recent work has been focused on the development of such diagrams for micro-abrasion-corrosion of materials [16] .
Further work will be to investigate the change of regime boundaries in a wider range of conditions in addition to evaluating whether such observations may be observed for other materials such as surface coatings [17] and different tribological conditions in such environments. Tables  Table 1: Volume loss as a function of impact velocity and impact angle for carbon steel in water at 0 mV 
